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The Scientist Meets the Robots*
By P. S.

HELMICK

Most of us have at hand a simple analogue computer like a sliderule, or a digital computer like an adding machine or a desk calculator. But what can a scientist do when his computations become
too involved for these devices? Macurdy (1) describes how the
Division of Metrology of the National Bureau of Standards solved
this problem:
"In recent years, the increasing interest in scientific research in this
country has brought about a corresponding increase in the number of
standard weights submitted to the Bureau for calibration. The largest
part of this work involves sets of weights in the follm,·ing combinations
of units: 5, 3, 2, 1, 1; 5, 2, 2, 1, 1; and S, 2, 1, l, l. At present all combinations are performed with a slide-rule of a desk calculator and are then
checked in detail and reviewed. Plans are under \my to do a large part
of this work by means of a computing machine designed to give a simultaneous solution for the values of the weights from a series of equilibrium
points as observed on a balance. For this purpose, a single series of observations has been devised by means of which weights in all three of the
above combinations may be calibrated. Such a scheme makes possible the
construction of a machine designed for the simultaneous solution of the one
series of observations and its use to compute values for sets of weights in
all three combinations of units. This should largely eliminate errors of
computations, and result in great savings of time and effort in the Bureau's
weight calibration program."

We have all read accounts of the Electronic Numerical Integrator
·and Computer, or Eniac (2, ;) ) built at the Moore School of Engineering at the University of Pennsylvania, and now located at Aber·
deen. This giant occupies 1000 square feet of floor space and contains 18000 vacuum tubes, 1500 relays, and has an accumulator,
multiplier, divider, square rooter, a function table, and a constant
transmitter. It normally handles 10-digit numbers. Information is
given to the machine on I B M punched cards, and the answers are
punched on cards. This machine in 4 minutes evaluated and
punched 250 values of the final solution of 3 simultaneous nonlinear ordinary differential equations which arose in the theory of
the lamillar boundary layer in a compressible fluid; once the
problem has been set up and the machine provided with certain
initial estimates.
·:<-Deliyered as the presidential address of the Iowa Academy of Science, April 20,
1951 at Waverly, Iowa.
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In order to provide data for an investigation on the random
occurence of digits, the Eniac has been programmed to compute the
value of pi and e to 2000 digits ( 4) . At White Sands, New Mexico,
data on the performance of long-range V-rockets have been secured
by a radio-position and Doppler-velocity method of observation from
three observation stations. By conventional methods it would take
about 10 man-weeks to compute the coordinates of 800 points at
half-second intervals on a trajectory of 400 seconds time of flight.
The Eniac makes the calculation in about 2 hours ( 5).

If you wish to secure the services of a commercially manufactured
robot, an electronic calculating punch which is said to do the work
of 35 clerks can be rented for the wages of several clerks. Results
are punched in cards at the rate of 100 cards per minute., and may
thereafter be printed by an automatic typewriter device. The
machine takes 25 amperes at 220 volts, and contains 1227 tubes
with a 10000 hour life.
It ( 6) has a 37 digit memory, and a maximum of 29 digits can be
punched for the result. It can accumulate factors from one or several cards; add, subtract, multiply, and divide with these or other
stored factors; and punch the calculated result in one card, in the
last card of a number of cards, or in a number of cards. One 300
month bond amortization schedule was computed by one of the
insurance offices in the state in a matter of only 3 minutes.
The basic electronic circuit of the machine is derived from the
flip-flop circuit (7) or binary scaler, which physicists have been
using for counting cosmic rays since 1919. The circuit as used in
the calculator comprises a vacuum tube with two plates and two
grids, like the 6SL7 twin triode amplifier tube. Each tube is connected with associated resistors and other elements as a demountable
plug-in unit about 1 inch square and 3Yz inches long, and can instantly be removed from the panel for replacement.
One electrical impulse causes one plate to conduct-flip, the next
impulse causes the other plate to conduct-flop, the third impulseflip, the fourth impulse-flop, and so on. Now conduct a small
neon lamp in the flip circuit to indicate when flip is conducting,
and feed its output to a similar circuit, feed the output of this unit
to a similar unit, and so on, and number these successive neon tubes
1, 2, 4, 8, 16, etc., and you have a binary memory unit. One electrical impulse lights neon lamp 1, the second impulse extinguishes
lamp 1 and lights lamp 2. With 13 impulses, lamps 1, 4, and 8
light. It is fascinating to watch the indication of these numbers go
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flashing from one unit to another when the machine is solving a
problem.
Multiplying on one type of calculating punch (8) is performed
by multiplying by 1, 2, 5, 10, or combinations thereof. Division
on this type of machine is performed by the machine's comparing
the left hand digit of the dividend with the left hand digit of the
divisor, and selecting from a quotient table a quotient which will be
either 5, 2, 1, %, or 0.2. The machine then multiplies the divisor
by this selected quotient, and subtracts it from the dividend. Shifting takes place whenever a zero appears in the left hand digit of the
remainder. A negative remainder causes the machine to add to the
dividend the product of the factor and the divisor, and the factor is
then subtracted from the quotient.
The machine may be programmed to extract the square root of a
number N by programming the computer to calculate

=x

1•

%

(x 0

+ ~)
Xo

x 0 is taken as 300 if N has 5 or 6 digits; 3000 if N has 7 or 8

digits, etc. Then the machine computes x 2 =

% (x 1 + ~).

Repeat-

X1

ed programming gives successive approximations to the square root.
The Electronic Punch Calculating Unit is programmed from a
single control panel less than a foot square, and full of small holes
in which electric cords may be conne9ted. The associated reading
and punching unit is programmed from a similar board, a little
larger in size. The punch may be programmed to punch Net Payment, Old Age Security Insurance, and Withholding Tax; from
Gross Pay, Miscellaneous Deductions, and Number of Dependents;
by plugging in 9 sizeable leads and a few short ones in the Calculate Control Panel, and 18 sizeable leads and a few short ones in the
Read and Punch Control Panel.
Educators and scientists have also been quick to see the timesaving benefits of these machines. Separate control panels wired for
different computing programs can be prepared and stored for immediate use. One educator has programmed a calculato-r to compute
the standard deviation of his examination grades and then to convert
the raw scores on the papers into letter grades.
This type of machine was used by Thurstone (9) in his Factorial
Studies of Intelligence, using a multiple factor analysis method. In
one study with 63 variables, there were 1953 correlation coefficients
computed on punched cards, and the correlation matrix was then
solved by the machine. Plots for giving the 18 successive vector
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rotations we.re produced by a printing tabulator operated by the
punched cards.
Flanders and Shortley (10) have explained a convenient and
practical method of numerical determination of eigenfunctions and
eigenvalues in complex problems in diffusion theory, heat conduc·
tion, and vibration. The method is based on use of a network, and
the computations were said to be possible only with fairly highspeed computing machinery with a large memory, such as punched
cards and the IBM electronic punch calculator.
Located on the campus of the University of California at Los
Angeles is the Western Automatic Computer of the Institute for
Numerical Analysis of the National Bureau of Standards. This
computer contains over 2000 vacuum tubes and 2500 crystals, and
occupies about 60 square feet of floor space. Its memory tubes are
5 inch cathode. ray oscilloscope tubes, and each tube will store 256
binary digits, either 0 or 1, in a square array 16 x 16 on the face of
the tube. The l's are generated by simple harmonic motion generators in the y-direction, and the O's by simple harmonic generators in
both x- and y· directions with phase differences of 90°. A magnetic
drum memory unit is also being developed for this computer.
Instead of a single. vacuum· tube and its associated resistors and
capacitators being mounted as a plug-in unit as in the Electronic
Calculating Punch, an entire panel-mounting sub-assembly of tubes
and associated units is provided with plug-in mountings, and if
trouble should develop it can be quickly replaced with a stand-by
unit. I have always previously heard Mathematics called "the
Queen of the Sciences", for all sciences are said to make. use of her
methods, but after watching a methematician trouble-shooting its
calculator circuits with a vacuum-tube voltmeter and oscillograph,
I concluded that Physics must be the King of the Sciences.
This machine ( 11) recognizes eight basic command words: add,
subtract, multiply, product, sompare, extract, input, output, and
five modifications of these words. It was this computer which
solved a system of 60 simultaneous linear equations in 41h minutes
by a direct matrix method, and routines have been worked out for
solving such equations of order up to 125.
In addition to high-speed electronic digital computers, there is
another important class of computers,-analogue computers, in
which numbers are represented by such physical quantities as distances, angles, voltages, etc. The mechanical differential analyzer
is an analogue computer especially useful for the. solution of one or
more simultaneous ordinary differential equations.
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One such machine (12) built by General Electric for the University of California at Los Angeles fills a large room and consists of
about 14 sections about 3 ft. by 4 ft., each section containing several
dozen stainless steel shafts about 3Jt, inch in diameter, and capable
of being geared to each other by standard involute lathe-type gears.
Each section is provided with a Kelvin wheel-and-disk type integrator, in which a large disk drives a small integrator wheel whose
radial position y can be changed. Then dz

= y dx,

or z

=

J

y dx.

Addition· and subtraction are carried out by an automotive-type
differential mechanism. If the rear end of an automobile be jacked
up and the wheels rotated at rates x and y, the propeller-shaft will
rotate at the rate x + y, depending upon the sense of the rotation of
y. Multiplication and division may be carried out with a mechanical
device which makes use. of the principle of similar right triangles.
There are four large input boards by which any four graphed
functions can be put into the machine. The different mechanical
components which develop the necessary functions in the mathematical equation are connected to the shafts by gears which produce
the proper numerical coefficients. The independent variable shaft
is rotated, and the solution is accomplished by a resultant rotation x
supplied to an output table, where a stylus plots the solution x = f
( t) . In some problems a second output table is connected, giving y
= g (t).
Among the many types of problems which have been solved with
this mechanical type of differential analyser have been: the design
of the pole-pieces of a magnet for an atom-smasher, and the variation
in the stability of an aircraft as a function of the quantity of gasoline
in the fuel tanks.
The Electrical Analogue Computer is now being commercially
produced in increasing numbers, and some models sell for less than
$5000. One commercial Electronic Analogue Computer ( 13) has
been marketed for several years, and has often been used for predicting the performance of newly-designed mechanical and electrical
equipment. A relay rack about 6 ft. high holds the various units
representing the terms of the mathematical equation, and the cathode
ray oscilloscope which displays the solution. The basic units are
contained in small metal boxes provided with decade switches where
circuit parameters can be introduced. One operator told me that
one hour's use of this computer gave results equal to one month of
hand calculation.
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A large airplane company is using more than a score of Electronic
Analogue Computers of its own manufacture ( 14) in its different
engineering departments, and it is said that a good operator can
learn how to use one in a day, and that complicated problems of aircraft performance whose solution would require a year by conventional methods can now be solved in a week.
Currie (15), and Lakatos (16) have given an excellent description
and explanation of the Bell Laboratories Analogue Computer. The
basic unit of this computer consists of a 3-stage amplifier, with
negative feed-back, having a voltage amplification of more than
30,000. The voltage appearing at the output is the algehraic sum
of the input voltages, thus making possible addition or subtraction.
Multiplying by' a constant less than one is a{:complished by placing
a potentiometer in the input circuit, while division requires a potentiometer in the feedback path. A power series can be generated by
combining integrators in series, e.ach integrator furnishing a successively higher power. Servo-driven function generators are provided;
wound either linearly or according to such other common functions
as the sine or cosine.
With a capacitance in the input circuit the basic amplifier becomes
a differentiator, and with the capacitance in the feedback path the
basic amplifier becomes an integrator. The entire computer comprises 30 adders, 1 differentiator, 12 integrators, and 9 servos to
drive 45 linear potentiometers or 15 assorted function generators.
Solutions are drawn on a Leeds & Northrup single or two-motion
Speedomax Graphical Recorder.
With these 12 integrators it should be theoretically possible to
solve a linear or non-linear ordinary differential equation of the 12th
order, unless certain terms introduce complications. However one
15th order equation was solved by dividing the problem into two
parts and introducing the solution of the first part as the input for
the second part. The authors state that generally the simplest and
most elegant method of problem solving with an analogue computer
is to deliberately transform algebraic or integral forms into differential equations. Once the equations are set up with up to 100 or
more. connections on a 3-panel patch board, an individual solution
may be run in about 2 minutes.
McEwan and Skolnik (17) of the Chemistry Division of the U.S.
Naval Ordnance Test Station, lnyokern, California, explain how
they solved a chemical problem by constructing a computer. The
quantity specific impulse which has the dimensions of force x time /
unit mass, characterizes an important ballistic quality of a pro-
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pellant system. The calculation of this quantity has been a very
tedious task, because a primary phase of the calculation involves the
simultaneous estimation of the composition of the products of
combustion. This operation by standard techniques requires the
simultaneous solutions of ten equations containing ten unknown
concentrations of reaction products: C0 2 , CO, 0 2 • 0, H 2 0, H, NO,
and N2. Iterative procedures have been found most efficient in
solving these equations, but it is said that these were lengthy, even
when a high-speed calculating digital computer was used.
So they designed an analogue computer which simulates electrically the conditions of temperature, pressure, and composition of combustion products. These conditions are imposed as resistances in a
series of interlocking Wheatstone Bridges which when balanced,
produce. the required resistances proportional to partial pressures.
Mole fractions are obtained by dividing the partial pressures by the
total pressure, which also is produced as a proportional resistance
by the computer.
This computer although constructed with many parts of surplus
equipment gave solutions of sample problems which agreed within
plus or minus 0.005 mole fraction with solutions obtained by precise
iterative methods employing I B M equipment. The time required to
obtain a solution by an iterative method of successively adjusting
a number of dials varied from 20 minutes to an hour, depending
upon the skill of the operator, but this time was less than the time
required for a single approximation or iteration by hand methods
using a desk calculator.
Military authorities appreciate the value of an analogue computer
for giving immediate solutions to mathematical problems, and hence
use analogue computers in bomb-sights and fire control apparatus.
The Western Electric Company has been given a contract (18) for
137 million dollars for production of a radar fire-control system
whose nerve-center is a computer which receives data on temperature,
barometric pressure. wind velocity, and shell velocity. A radar
receiver tracks a high-speed high altitude enemy plane and conveys
data on the plane's position to the high-speed computer which in a
matter of micro-seconds solves time of flight and intersection
problems, and aims the guns accordingly.
The exigencies of both time and purpose preclude a discussion of
the value of programming a computer to play chess, as suggested by
Shannon (19), or gin-rummy (20). I should think that after
working with a mathematical robot all afternoon a scientist would
prefer an after-dinner partner more adept at conversation. Bron-
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owski (21) points out that a chess-playing computer could become
a master-player with a personal style of its own, and that if two
chess-playing computers be matched against each other, the one with
the more mature mind will always win. He states that here is the
real difference between a computing machine and a man. The
machine adds to its memory and matures without losing any of its
faculties,-without growing old.
Would you like to own a simple analogue computer to calculate
standard deviations, correlations, and regressions? You already
have one at hand, for Woolf (22) points out that these measures can
be computed by using a pair of dividers on a piece of coordinate
paper and repeatedly applying Pythagoras' Theorem, together with
an occasional division with a slide rule. Even 2; x y can be computed
with this simple technique using the relation

2: x y =

~'22:x2

+ %2:y2 -- %2: (x - y) z

I would conclude with a reference to a study by the physicist L.
Brillouin ( 23) of the International Business Machine Corporation.
He states that there was no extension to the theory of Maxwell's
Sorting Demon of 1871 until Szilard in 1929 pointed out that the
demon actually transforms information into negative entropy.
To quote further: "The physicist making an observation . . .
transforms negative entropy into information. We may now ask the
question: 'Can the scientist use the second part of the cycle and
change information into negentropy of some sort?' Without
directly answering the question we may risk a suggestion. Out of
experimental facts, the scientist builds up scientific knowledge and
derives scientific laws. With these laws he is able to design and
build machines and equipment that nature never produced before;
these machines represent most unprobable structures, and low
probability means negentopy ?"
The giant calculating robots are here among us to stay, and are
ever increasing in numbers. Let us adapt ourselves to their existence, and continue to give them their commands, and not allow
them to become our masters.
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